Objectives. This study sought to evaluate the effect of offsetting cavopulmonary connections at varying pulmonary flow ratios to determine the optimal geometry of the connection.
(J Am CoU Cardiol 1996;27:1264-9)
The history of surgical management of patients with a functional single ventricle has been characterized by modifications, many of which were done to reduce complications and improve the functional outcome of children (1-3). One of the major modifications followed the pioneering work of de Leval et al. (4) , who demonstrated that pulsatile valveless cavities like the right atrium and venous connections at sharp angles contributed to energy losses. Concomitantly they developed the total cavopulmonary connection with anastomosis of the inferior and superior cava directly opposite each other on the right pulmonary artery (i.e., with zero offset of cavae from each other). A subsequent study (5) comparing the traditional Fontan atriopulmonary connection with the total cavopulmonary connection demonstrated lower systemic venous pres-sures and a lower incidence of atrial arrhythmia in the latter group of patients. The total cavopulmonary connection concept was extended further by Laks et al. (6) by development of the unidirectional cavopulmonary connection in which the superior vena cava and inferior vena cava were connected exclusively to the left and right pulmonary arteries, respectively, with creation of a fenestration in the inferior channel. The theoretic advantages of this modification were that it provided even lower inferior vena caval pressures and obligatory superior vena caval flow to the left lung. It also matched the relatively higher inferior vena caval flow to the larger volume of the right lung.
Despite these improvements, concerns remain about both these designs. In the zero-offset design, dissipative energy losses are believed to be high at the site of collision of the caval flows. In the unidirectional connection, hepatic venous blood is completely excluded from the left lung by design. Srivastava et al. (7) reported the development of pulmonary arteriovenous malformation in the lung sequestered from hepatic venous blood in their patients with cavopulmonary connections, underscoring the need for hepatic venous perfusion to both lungs. Furthermore, the unidirectional design does not allow for variations in pulmonary resistance to adjust pulmonary blood flow between the two lungs. Therefore, while allowing for circulatory mixing of systemic venous return, we studied the effects of varying caval offsets at various right and left pulmonary artery flow ratios (varying pulmonary resistance) to determine the optimal combination for minimizing energy losses.
Methods
Determination of glass model sizes. To obtain realistic sizes of the inferior and superior vena cavae and right and left pulmonary arteries, an 8-year old boy with a Fontan operation underwent magnetic resonance imaging (MRI) with a Philips Medical Systems ACS 1.5-tesla scanner. The magnetic resonance images were then transferred to an ISG allegro graphics workstation for image segmentation and three-dimensional reconstruction. From the computer reconstruction, the sizes of inferior and superior vena cavae and right and left pulmonary arteries were measured.
Experimental system and conditions. Figure 1 represents the configuration and dimensions of the 19-ram (1.0-diameter offset) model that was made of custom-crafted Pyrex glass. A11 inlet and outlet ducts had an inner diameter of 13.5 mm and were -15 cm long. Five models were constructed with offsets of 0.0 mm (0.0-diameter offset), 8 mm (0.5-diameter offset), 19 mm (1.0-diameter offset), 25 mm (1.5-diameter offset) and 30 mm (2.0-diameter offset). Offset was defined as the horizontal distance between the caval midpoints ( Fig. 1) . A 2-ram diameter hole was drilled into each inlet and outlet conduit to measure the differential static pressure decrease within the models. The holes were used to insert flat-tipped metal catheters that were connected to a pressure transducer. The flow ratios for the superior and inferior cavae were fixed at 40:60, respectively, which was used to reflect the higher superior vena caval flow seen in infants and young children (8, 9) . The flow ratios to the right and left pulmonary arteries were varied as follows: 30:70, 40:60, 50:50, 60:40 and 70:30. Pressure measurements were carried out at 2, 4, and 6 liters/ min. An aqueous solution of glycerin with a mean (+_SD) kinematic viscosity of 3.5 _+ 0.1 centistokes was used to reproduce the kinematic viscosity of blood. The viscosity was measured at all stages of data collection to ensure that it remained constant.
By maintaining a constant head differential between the supply and dump tanks, steady flow was produced. We used three rotameters to measure the flow: one measured the total flow; another measured inferior caval flow; the last measured the higher flow of either the right or left pulmonary artery. A multiple-range DP15TL Validyne pressure transducer with a no. 24 diaphragm was used to measure the pressure decrease across each model, using the inferior vena caval inlet as the reference point for each measurement. We collected data for 10 s and averaged these data to get a single mean value for the static pressure decrease.
Flow visualization. To visualize flow through the glass models, neutrally buoyant spherical 100-p,m Amberlite particles were added to the water/glycerin solution and illuminated with white light. The experimental flow conditions were the same as those described for pressure measurements. The motion of the particles as they traveled through the models was recorded with a video camera. Flow path lines were obtained by black-and-white photography of the models using a 35-mm camera with 400-ASA speed film with a shutter speed of 1/15 and 1/30 s.
Data analysis. After collecting static pressure (Pi,s) at each of the conduit measurement ports and the associated volumetric flow (Qi), the data were analyzed to calculate the velocity (u) through each of the conduits and the power losses associated with each total cavopulmonary connection configuration. Using the velocity data and density data (p), the dynamic pressure (Pi,ke) was calculated as follows:
Pi,ke = 1/2pu 2.
Next, using the Bernouilli equation, both the rate of kinetic energy losses (Eke,loss) and the rate of potential energy losses (Es,loss) were calculated:
Eke,,os s = (Qivc.Pivc,ke+Qsvc.Psvc,ke)-(Qrpa.Prpa,ke+Qlpa.Ptpa,ke).
Finally, summing the separate contributions of the power losses (rate of energy losses), the total power losses (EtotaUoss) were calculated as follows:
Etotal,loss = Eke,los s + Es,loss.
After calculating the total power losses for all cases studied, we identified the nadir of the power losses at 2 liters/min and used that quantity as the reference value. The reference value (Xref) was then used to calculate the relative percent change of all the cases studied: Figure 2 shows representative curves of changes in the kinetic, potential and total energy for the 0.0-and 1.0-diameter offset models at 2 liters/min. The net rate of kinetic energy changed only with flow ratio, which affected flow velocity and reached maximal losses at 50:50 right/left pulmonary artery flow ratio. In contrast, the potential energy losses of each of the models varied with offset, flow ratio and flow rate.
Results

Flow energetics. Comparison of potential and kinetic energy changes.
Comparison of kinetic and potential energy changes, depicted in Figure 2 , revealed that the potential energy changes were more than tenfold greater than the kinetic energy changes calculated.
Comparison of total power losses with changes in offset, flow ratio and total flow. Total power losses are summarized in Figure 3 , which gives a composite of the total power losses versus offset and flow ratio at 6 liters/min. Figure 3 shows that as the offset was increased from 0.0 to 0.5 superior vena caval diameters, the power losses decreased significantly. When the offset was increased further from 0.5 to 1.0 superior vena caval diameters, there was an additional decrease in the power losses but less marked than the initial decrease. Thereafter, further increases in offset resulted in no significant change in power losses, and the losses for 1.0-, 1.5-and 2.0-diameter offsets did not appear to be significantly different from one another.
The power losses varied with varying pulmonary flow ratios ( Fig. 3 and 4) . The power losses were least at the 50:50 flow split, moderate at the 40:60 and 60:40 flow splits and highest at the 30:70 right/left pulmonary artery flow split and the latter change was more obvious at the 0.5-diameter offset. Figure 4 demonstrates that the power losses were greatly magnified at increased total flow rates. There was a 2,000% increase in power loss in the 1.5-diameter offset from the lowest flow of 2 liters/min to the highest at 6 liters/rain, and for the zero offset there was 4,200% increase for a similar increase in total flow.
Flow visualization. Figure 5 demonstrates the effect of offset at a constant flow split for the 60:40 right/left pulmonary artery case. The zero-diameter offset case (Fig. 5, top) demonstrates that the relatively parallel path lines of flow in the two cavae turned into a disorganized pattern of path lines at the site of collision of flow. The 0.5-diameter offset case (Fig. 5, middle) demonstrates a vigorous vortex at the offset site of the cavae. The vortex appears to cushion the caval flows so that there is a bend in superior vena caval flow toward the left pulmonary artery and a slight bend in inferior vena caval flow toward the right pulmonary artery. The higher offsets also demonstrated a vortex, but it was less well defined and less vigorous than the 0.5-diameter offset (1.0-diameter offset [ Fig. 5, bottom] ). Other than the difference in the vortex, the flow path lines from the 0.5-to 2.0-diameter offsets appeared similar. Downstream pathlines in both pulmonary arteries had helical secondary flow patterns for all offsets. Figure 6 demonstrates the effects of flow splits at a constant 1.5-diameter offset. The 70:30 right/left pulmonary artery case (Fig. 6, top) demonstrates that the parallel path lines of flow in the superior vena cava collide with the conduit wall and split toward the left and right pulmonary arteries, and the path lines of the inferior vena cava appear to be directed toward the right pulmonary artery. The 30:70 case (Fig. 6, middle) demonstrates that the inferior vena caval flow splits toward left and right pulmonary arteries, whereas the superior vena caval flow appears to bend toward the left pulmonary artery only. In the 50:50 flow split (Fig. 6,  bottom) , the superior vena caval path lines appear to bend toward the left pulmonary artery, and the inferior vena caval path lines collide with the conduit wall and split, with the larger component going toward the right pulmonary artery and the smaller component toward the left pulmonary artery. The flow path lines for the 40:60 right/left pulmonary artery flow split were similar to those for the 50:50 flow split. 
Discussion
When the importance of conserving energy in a singleventricle supported circulation was realized, recent modifica- tions of the Fontan operation focused on streamlining flow through the connections. In vitro experimental work by de Leval et al. (4) has contributed significantly to the devising of these modifications. Our previous in vitro work (10) pointed out the areas of energy loss in atriopulmonary connections. In the present report we describe our experimental work in determining the optimal geometry of total cavopulmonary connection that would keep energy losses to a minimum. The study utilized patient-derived sizes of glass models and realistic flow rates found in children. The quantitative portion of our work was supported by extensive flow visualization studies.
Relation between flow energetics and flow visualization.
Effect of offset.
The present study demonstrated that the introduction of caval offsets significantly reduced energy consumption within the connections. At the 0.0-diameter offset, flow visualization demonstrated that the high energy losses measured were due to intensely disorganized flow patterns and secondary flows. At the 0.5-diameter offset, energy losses were -40% lower than that at the 0.0-diameter offset at 6 liters/min. This finding is confirmed by the flow visualization, which revealed that the vortex at the site of the anastomosis at the 0.5-diameter offset effectively cushioned the collision of the converging caval flows and reduced their interaction and, thus, power losses (Fig. 5, top and middle) . Further, at the 1.0-and 1.5-diameter offset, the energy losses were -50% lower than that at the 0.0-offset at 6 liters/min (Fig. 3) . We believe that significantly lower energy losses were measured in the 1.0-and 1.5-diameter offsets because of further reduction in caval flow interaction. This interaction was stronger for the 0.5-diameter case and manifested as a more vigorous central vortex than the vortices at the higher offsets. For this reason, the 0.5-diameter offset was not as efficient in minimizing energy losses as the 1.0-or 1.5-diameter offsets.
Effect of flow split. In addition to determining the effect of offset on power losses, the present study evaluated the effect of variable pulmonary flow ratio and its effects on power losses. Our results show that the power losses associated with the respective offsets were lowest when the pulmonary resistance was equally distributed (i.e., 50:50 pulmonary flow ratio, as explained in the Appendix). In addition, our results show that at a pulmonary resistance equivalent to a 60:40 and 40:60 right/left pulmonary artery flow ratio, power losses were comparably low for a given model and total flow rate and were also nearly symmetric (Fig. 4) . These experimental results are consistent with theory (see Appendix).
Surgical applications. Offset. Although preliminary, our study has potential surgical applications. The study separated the caval offsets with the least energy losses (1.0 and 1.5 diameter) from those with relatively low (0.5 and 2.0 diameter) and high losses (0.0 diameter). These results imply that future surgical designs should definitely have an offset and that the 1.0-or 1.5-diameter offset would be more desirable. However, our surgeons (V.T., K.K.) believe that anatomic space constraints in some situations may allow a maximal offset of only 0.5 mm in diameter. Our results show that in these situations, energy losses would be also lower than at the 0.0-offset case.
Pulmonary flow ratio. The optimal offsets were found to maintain low losses through a range of pulmonary flow ratios, with the nadir at the 50:50 flow ratio. The importance of this finding lies in the fact that many postoperative patients with a total cavopulmonary connection develop atelectasis, diaphragm paralysis or pleural effusions, which can lead to an alteration in pulmonary resistance. Because of the bidirectional option of flow in our proposed design, pulmonary redistribution can occur without significant energy losses.
Total flow. The present experiments were done at varying total flow rates to simulate the rest and activity cardiac output seen in children. Although the differences between the best and worst cases for energy loss were significant, they were still relatively small at low flow rates of 2 liters/rain. When the flow rate was increased to 6 liters/rain, these differences increased 20-fold, underscoring the need for offset.
Mixing. The experimental models, by virtue of not being unidirectional, enabled mixing of caval flows. In the 30:70, 40:60 and 50:50 fight/left pulmonary artery flow splits, there was clear visualization of inferior caval flow toward both the right and left pulmonary arteries. In the other models, the central vortex appeared to facilitate mixing. The importance of mixing lies in the provision of hepatic venous blood to both lungs. It was convincingly demonstrated by Srivastava et al. (7) that exclusion of hepatic venous blood from a lung can result in the development of pulmonary arteriovenous malformation in that lung. The factors in hepatic venous blood that prevent this complication have not been isolated and therefore cannot be quantified. Nevertheless, future surgical designs should allow at least some mixing to occur, and our experiments suggest that this mixing can occur at most flow splits and offsets.
Conclusions. The present study investigated the effect of caval offset and varying pulmonary vascular resistance and cardiac output on the energy losses associated with the total cavopulmonary connection. These effects were then related to flow visualization. From these investigations our results indicate that an offset should be incorporated into future total cavopulmonary connection designs, and the ideal offset should be 1.0 to 1.5 mm in diameter. These offsets consume the least amount: of energy when vascular resistance is equally distributed between both lungs. Furthermore, increases in cardiac output are associated with increased energy consumption. Our future work will investigate the effect of both curvature and pulsatility on the energy losses associated with the total cavopulmonary connection.
